Abstract : The primary productivity in the northwestern Pacific was discussed on the basis of the results obtained during the summer cruise in 1961. 1) Vertical stratification of phytoplankton was clearly recognized in the Oyashio area as well as in the Kuroshio area. Maximal chlorophyll concentration in water occurred at the depth where the light intensity reduced to ca. 10% or slightly less of the surface intensity. Chlorophyll amount for the entire euphotic zone in the Kuroshio area, the Oyashio area, and the mixed water region was 25-45, 50-70, and 40-55 mg/m2, respectively, and that in a littoral region of the Kuroshio, ca. 120 mg/m2. 2) Differentiation of photosynthetic pattern into sun and shade types, and light inhibition in photosynthesis were evidently observed, the facts being in good accordance with the results in 1960. 3) Photosynthetic rate for the surface samples from the Kuroshio, the Oyashio, and the mixed water region was at optimal light intensity 0.6-2. 0,3. 5-6.0, and 2.2-4.0 mgC/chl.mg/h, respectively. 4) Daily gross production for the entire euphotic zone was estimated by the chlorophyll method. The values calculated for three weather conditions, clear, slightly clouded, and clouded, were respectively O. 36, 0. 29, and 0. 16 gC/m2/day in the Kuroshio area, and O. 83, O. 72, and 0.49 gC/m2/day in the Oyashio area. 5) The Kuroshio area differed strictly from the Oyashio area in the concentration of phosphate in waters. The ratio of nitrogen to phosphorus in the sea water was anomalously small over all the areas surveyed, especially in the Kuroshio area. Such nutrient conditions might be responsible in part for the difference between the Kuroshio and the Oyashio areas in photosynthetic rate and standing crop of phytoplankton, and consequently in the primary productivity.
Introduction
Since 1952 when STEEMANN NIELSEN introduced the C14 method for measuring the organic matter production in the sea, the measurement of the primary production by this method has been executed in the world oceans and becomes one of the cardinal problems in marine sciences.
In the sea near Japan, ICHIMURA and SAIJO (1959) first measured the primary production with the C14 method in 1957. Besides their work, as to this problem there are only reports of SORO-KIN (1958) , and SOROKIN and KOBLENZ-MISHKE (1958) . On the primary production in this sea area more extensive studies are quite necessary to provide a basic knowledge for the further development of oceanic production.
Two cruises were made in the summers in 1960 and 1961 to investigate the photosynthetic characteristics of phytoplankton, whose importance in assessing the primary productivity by the chlorophyll method has already been discussed in a previous paper (ICHIMURA et al. 1962) , and to elucidate the general aspects of primary productivity in the northwestern Pacific. The latter problem will be discussed in the present paper, using mainly the results obtained in the 1961-cruise.
Methods
The 1961-cruise was made from August 1 to September 12. Surveyed area (Fig. 1) includes three different regions in their hydrographical characters the Kuroshio area, the Oyashio area and the mixed water region.
The methods employed were the same as described in a previous paper (ICHIMURA et al. 1962) . Briefly stated, sample waters were collected with the Van Dorn samplers from various depths in the euphotic zone.
Photosynthesis of phytoplankton was measured by the C14 method (STEEMANN NIELSEN 1952 , DOTY and OGURI 1959 , ICHIMURA and SAIJO 1959 , ICHIMURA et al. 1962 Vertical distributi on of phytoplankton, expressed as chlorophyll content in waters, in the Kuroshio and the Oyashio areas is shown in Fig. 2-A , B, and C with the distribution of light and temperature. In the Kuroshio area, chlorophyll was rather evenly distributed in the upper layers of the euphotic zone, followed by a slight increase with increasing depth. This is somewhat different from the chlorophyll distribution in 1960 when a considerably clear stratification of chlorophyll content with a maximum at a slightly upper layer was observed. However, the stratification of phytoplankton could also in 1961 be recognized from the clear differentiation of photosynthetic pattern which will be shown later (cf. Fig. 3 ). In the Oyashio area the stratified vertical distribution of chlorophyll was observed with the maximal content at 30-40 m depth.
For comparison the distribution of chlorophyll in a littoral region of the Kuroshio is shown in Fig. 2-D . In this case the vertical stratification of chlorophyll was much clear with its maximal content of 4.2 mg/m3 at 20 m depth. Chlorophyll content in waters for all stations in the surveyed areas is summarized in Table 1 . In all cases the maximum chlrorophyll content occurred not at the surface layer but at the depth where the light intensity reduced to about 10 per cent or less of the surface intensity. At this depth phytoplankton did not actively carry out photosynthesis, and could hardly contribute to the primary production of the sea. The situation accorded with that reported by ICHIMURA and SAIJO (1959) , and the same type of chlorophyll distribution was also reported by MENZEL and RYTHER (1960) . This might be explained with a reduction of sinking rate of phytoplankton at this depth (STEELE and YENTSCH 1960) .
The pattern of chlorophyll distribution like this exhibits a striking contrast to that reported by BURK-HOLDER and SIEBURTH (1961) in the Gerlache and Bransfield Straits of Antarctica where the chlorophyll content was always found in its maximum at or just below the surface, and decreased with increase in depth. It would be of great interest to investigate the light-photosynthesis curves of phytoplankton in these straits, in comparison with those in the northwestern Pacific ( Regional distribution of chlorophyll in waters of the area concerned has already been reported by SAIJO and ICHIMURA (1960) , expressed as the mean value of chlorophyll content in euphotic zone.
In the 1961-cruise, the value observed in the Kuroshio area, the Oyashio area and the mixed water region was 0. 3-0. 5, 0.8-1. 0, and 0. 6-0. 8 mg/m3, respectively, and the total chlorophyll amount in respective euphotic zone was 25-45, 50-70, and 40-55 mg per m2 of sea surface.
These values in 1961 were somewhat higher as compared with the SAIJO and ICHIMURA's (1960) . Important things, however, are that the relative values of chlorophyll content in water among these three regions were about the same.
In a littoral region of the Kuroshio, a higher value of the total chlorophyll amount in the euphotic zone of 120 mg/m2, double amount of the Oyashio area, was observed on Aug. 3, 1961, but the maximal content of 4.2 mg/m3 at 20 m depth was only one fifth of the summer value of the English Channel reported by JENKINS (1955).
Light photosynthesis relations
As previously reported (ICHIMURA et al. 1962) , the light-photosynthesis characteristics of phytoplankton are of primary importance in assessing, by the chlorophyll method, the productivity in the sea where are found water masses with distinctly different characters, such as the Kuroshio and the Oyashio.
Selected light-photosynthesis curves of phyto plankton from various depths were constructed (Figs. 3 and 4) . In the curves in Fig. 4 , the differentiation of photosynthetic patterns into sun and shade types (STEEMANN NIEL-SEN 1959, RYTHER and MENZEL 1959) can clearly be seen. Surface samples indicated the maximal photosynthetic rate at a relatively high light intensity, while deeper ones exhibited the maximal rate at a lower light intensity .
Inhibition of photosynthesis by intense light is clearly shown in the subsurface samples (Fig. 4) . Surface samples exhibited little in hibition. The deeper the samples, the greater the light inhibition in photosynthesis.
As already discussed in a previous paper (ICHI Fig. 3 MURA et al. 1962) , in the calculation of primary production by the chlorophyll method this light inhibition should be taken into account only on a bright sunny day. Maximal photosynthetic rate for the surface samples in the Kuroshio area, the Oyashio area, and the mixed water region was O. 6-2. 0, 3. 5-6. 0, and 2. 2-4. 0 mgC/chl. mg/h, respectively ( Fig. 3 and Table 2 ). These values are a little higher than the formerly reported photosynthetic rates in the same areas (SAIJO and ICHIMURA 1960) . At high light intensity, the deeper samples showed lower photosynthetic rates than the surface sample.
At low Ecological importance of these relations has already been discussed in a previous paper (ICHIMURA et al. 1962 ).
Primary productivity
The daily primary production was estimated on the basis of the light-photosynthesis curves, the chlorophyll contents in waters and the light data, all of which were obtained in the 1961-cruise.
Daily marches of the light intensity measured at the sea surface on a clear, a slightly clouded, and a clouded day (Fig. 5) , were used, the features of which being in fairly well agreement with those in August in Tokyo (HIRAYAMA 1948) formerly used in calculating the productivity (ICHIMURA et al. 1962) . Vertical distributions of the daily productivity in the Kuroshio and the Oyashio area are shown in Fig. 6 . On a clear day the effect of light inhibition in photosynthesis appeared at the surface layer, so an optimum is found at about 20 m depth in the Kuroshio and at about 5 m in the Oyashio area. In the Kuroshio area, the daily gross production for the entire euphotic zone per m2 sea surface was about 0. 36, 0. 29 and 0. 16 gC on a clear, a slightly clouded, and a clouded day, respectively;while in the Oyashio area the productivity was respectively about 0. 83, 0. 72, and 0.49 gC under corresponding weather conditions.
Both in the Kuroshio area and the Oyashio area, the daily gross production was on a slightly clouded day 80-86 per cent, and on a clouded day 46-58 per cent of the value on a clear day. As compared with these, the previously reported values of the daily gross production in these areas (SAIJO and ICHI-MURA 1960) seem to correspond to ones obtained under bad weather condition, and SOROKIN's large values (1958) to ones obtained under fair weather condition.
The primary productivity in the northeast Pacific Ocean, reported by McALLISTER et al. (1960) , seems to be somewhat lower than the productivity observed in the Oyashio area.
In the latter area, the calculated primary productivity amounted in extreme cases to about 3 gC/m2/ day.
It may not be unreasonable to expect such high primary productivity in the northern Oyashio area where phytoplankton showed high photosynthetic rate and high standing crop under favorable environmental conditions.
For the general discussion of primary productivity in the oceans, the high clear-day productivity should not be employed exclusively, because there must be a number of clouded and slightly clouded days.
The mean rate of primary production near the surface or at the ( 43 ) optimal depth for photosynthesis is regarded in summer as about 5 and 40 mgC/m3/day in the Kuroshio and in the Oyashio area, respectively, or the value for the entire euphotic zone, 0. 2-0. 3 in the former and 0. 6-0. 8 gC/ m2/day in the latter. The productivity in the Oyashio area was 2. 3-3 times as large as that in the Kuroshio area.
Nutrient supply
The difference in the primary productity between the Kuroshio and the Oyashio area may be ascribed, at least in part, to the difference in concentrations of nutrient elements and their relative amounts (cf. Table 3 ). The productivity in the Kuroshio area might be raised, if the photosynthetic rate and the growth rate of phytoplankton are increased by adding the nutrient elements as proved by several investigators (EDMONDSON 1955 , ICHIMURA and ARUGA 1958 , KETCHUM et al. 1958 .
Nutrient elements such as nitrogen, phosphorus, and silicon are of course essential for the growth of marine phytoplankton.
The ratio of nitrogen to phosphorus (the N/P ratio) in phytoplankton cells is usually about 16 (SVERDRUP et al. 1942) . In general, the N/P ratio in the sea water is considered about the same as in phytoplankton cells (SVERDRUP et al. 1942 ). There seems, however, to be a deviation of the N/P ratio in the euphotic zone, and relatively higher values were sometimes reported, e. g. by MCALLISTER et al. (1960) . They observed also that phytoplankton can adjust their level of combined nitrogen and phosphorus over a fairly wide range depending upon the availability of these two elements. However, provided that phytoplankton population generally grows up with absorption of nitrogen and phosphorus in the ratio mentioned above, the N/P ratio as well as the amounts of these nutrients in the sea water should be examined, because an excess amount of nitrogen or phosphorus cannot effectively be utilized by phytoplankton unless the amount of accompanying phosphorus or nitrogen is present in the concentration enough for the uptake of the other.
The N/P ratio of sea water, after filtration of plankton, in the northwestern Pacific (Table  3) was strikingly low, ranging from 0 to 2. 6 in the euphotic zone, especially in the Kuroshio area it was 0 to 1. 9. There was present phosphate in very low concentration, but nitrate and nitrite seemed to be almost entirely exhausted.
The situations like this have been observed in the Pacific near the equator (STEEMANN NIELSEN and AABYE JENSEN 1957) . As a rapid regeneration of nitrogen or an extensive addition of atmospheric nitrogen might not be available, the nitrogen deficiency in the area concerned could be considered to restrict the phytoplankton production to great extent.
There is a sharp difference in phosphate concentration between the Kuroshio and the Oyashio area. In the southern Kuroshio area the phosphate concentration was almost less than 1 mg/m3 at all depths in the euphotic zone.
Whereas in the Oyashio area, it was 6-69 mg/m3 in the euphotic zone. This difference in phosphate, in combination with the amount of nitrogen, might also be responsible for the difference in productivity between these two areas.
Almost no detectable amounts of nitrate and nitrite were present in the surface water at all stations, except a few in the Oyashio area. Silicate was distributed abundantly both in the Kuroshio and in the Oyashio area, being in the concentration of about 50-200 mg/m3.
Conclusion
Standing crop of phytoplankton population in the euphotic zone, indicated as chlorophyll content in waters, was extremely small in the areas surveyed, especially in the Kuroshio area. in comparison with that in high-productive areas of the oceans, or with the possible maximal content of 300 mg/m2, which was theoretically suggested by and may be attained in so-called waterblooms.
The chlorophyll amount per unit volume of sea water in the Kuroshio area is of the order common in the unproductive open oceans, while that in the Oyashio area , corresponds to the values in moderately productive waters (TALLING 1961) .
In general, the amount of photosynthetic system per unit area, expressed as chlorophyll amount, is far less in the oceans than in the terrestrial productive community : The maximal amount in the ocean surveyed reached only about one third the latter.
Similar features in the light-photosynthesis relations of phytoplankton were obtained both in 1960 and in 1961.
Among the three characteristics, i. e. the differentiation of photosynthetic pattern into sun and shade types, the light inhibition in photosynthesis and the difference in maximal photosynthetic rate, the last mentioned is ecologically the most important as already discussed in a previous paper (ICHIMURA et al. 1962) .
However, cause and process of the differentiation of these photosynthetic characteristics still remain to be investigated in relation with the environmental factors.
As for the primary productivity, the Kuroshio area is one of the unproductive regions in the world oceans, although it is a little more productive than the region near the equator.
On the other hand, the Oyashio area is comparable to the most productive part in the Atlantic Ocean (STEEMANN NIELSEN and AABYE JENSEN 1957) .
In summer the daily gross production per unit sea surface attains to 0. 6-0. 8 gC/m2/day in the Oyashio area, while in the Kuroshio area to 0. 2-0. 3 gC/m2/ day.
If the respiration rate is assumed to be 40 per cent of the gross production (STEE-MANN NIELSEN and AABYE JENSEN 1957), the net primary production of 0. 4-0. 5 and 0. 1-0. 2 gC/m2/day is expected in the Oyashio and in the Kuroshio area, respectively.
Under natural conditions, the relation of nutrient elements to primary productivity seems to be much complicated, and the problems in this field could be solved on the sound basis which further experiments under controlled laboratory conditions can provide. At present, it may be said that phosphorus and nitrogen, in both absolute and relative amount, participate in limiting the primary 
